The influences of electrical and other factors on the dissolution kinetic~ of cholesterol monohydrate in micellar solutions were quantified in terms of mass transfer resistan~s due to interfacial processes and convective/diffusional barriers. In Renex-690 (polyoxyethylene[10]nonylphenol ether) solutions, the mass transfer resistance, R, was large and constant over a wide concentration range of sodium chloride, indicating that neutral micelles were involved in slow interfacial kinetics via a collision complex mechanism. To study the effects of micellar charge and electrolyte, predetermined amounts of ionic surfactants were added to Renex-690 solutions. At constant Renex-690/benzalkonium chloride and Renex-690/sodium dodecyl sulfate ratios, curves of R versus total counterion concentration were superimposable over a range of solubilizer concentration. Also, R decreased significantly with additions of NaC1 and attained an asymptotic minimum which was expected for the convective/diffusion controlled case. These results were consistent with the collision complex mechanism and predictions based upon electrostatic interactions involving a charged sphere and a charged surface. The finding that there is a significant interfacial barrier with Renex-690 alone but not when both an ionic surfactant and sodium chloride were present was interesting. It is proposed that either the presence of the ionic surfactant in the mixed micelle may catalytically facilitate the transfer of the cholesterol molecule into the micelle or that the ionic surfactant adsorbed on the cholesterol crystal surface may be able to alter the accessibility of the cholesterol molecules on the crystal surface.
INTRODUCTION
The purpose of this study was to systematically examine the influence of electrical and other factors i n the interfacially controlled dissolution kinetics o f cholesterol m o n o h y d r a t e pellets in micellar solutions. The rationale has its origin in our n u m e r o u s cholesterol m o n o h y d r a t e dissolution rate studies which were carded out in the presence of bile acid and bile acid/lecithin micellar solutions. These investigations have shown that the dissolution of cholesterol m o n o h ydrate crystals and h u m a n cholesterol gallWork supported by NIAMDD Grants AM16694 and AM32472.
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stones m a y be limited by crystal/solution interfacial kinetics (1) (2) (3) (4) . Later, K w a n et al.
(5) c a r d e d out a comprehensive study to establish the p r i m a r y factors influencing the interfacially controlled dissolution in bile acid/lecithin solutions. A t t e m p t s have also been m a d e to investigate the the questions as to how the interfacial barrier m a y be reduced by means of such additives as nalkylamines and quaternary a m m o n i u m c o m p o u n d s (3) (4) (5) (6) . Subsequent studies supported the view that micellar charge neutralization by protonated amines was the primary way by which the alkylamines act as dissolution accelerators (7) (8) (9) . The p r o b l e m of understanding the dissolution rate behavior of cholesterol m o n o h ydrate in bile acid/lecithin solutions is m a d e
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Journal of Colloid and Interface Science, Vol. 101, No. 2, October 1984 complex by the fact that one has to deal with the coexistence of simple and mixed micelles (10) (11) (12) . The ratios of the two micellar species may not be constant, for example, with changes in total concentration at a constant bile acid/lecithin ratio. Thus, it becomes difficult to describe the kifietics in terms of intrinsic "reactivity" of the particular micellar species involved. An additional complicating factor is that the behaviorof bile acid micelles even in the absence of lecithin appears to be more complex in some ways compared to micellar behavior of conventional surfactants (13) (14) (15) (16) . For example, the micelle size (therefore, the average aggregation number) varies much more with concentration for bile acid solutions than for conventional surfactants.
In the following studies, Renex-690 (polyoxyethylene [10] nonylphenol ether) was selected as the nonionic surfactant. Here, one is dealing with a typical, high-purity surfactant with a sharp CMC and a monomer concentration that is essentially constant over a concentration range (17, 18) . Thus, it was anticipated that the "collision complex" hypothesis could be tested in a more systematic way. Furthermore, it was anticipated that with the nonionic micellar system the influence of the extent of micellar charge on the interfacial kinetics could be investigated by the addition of predetermined amounts of ionic surface active agents to Renex-690 solutions. Also, early studies showed that nonionic Renex-690 micelles themselves may be associated with slow interfacial kinetics; therefore, this offered the opportunity for investigating factors other than electrical charge that may influence the interfacial bartier.
EXPERIMENTAL

Static Disk Dissolution Method
The dissolution apparatus is schematically illustrated in Fig. 1 . The design of the system provides a high-dissolution surface area-tovolume ratio to significantly shorten the ex-
Diagram of the static pellet dissolution apparatus. Key: A, synchronous motor (150 rpm): B, Delrin cover-mount; C, water outlet; D, dissolution chamber (15 ml); E, Delrin stirrer; F, Delrin die-pellet holder; G, cholesterol pellet; H, punch; I, paraffin wax; J, outer water jacket; K, water inlet.
perimental period and reduce the cost of expensive reagents.
The reagents included cholesterol monohydrate, 3 [14C]cholesterol monohydrate, 4 Renex-690, 5 sodium dodecyl sulfate, 3 benzalkonium chloride, 3 (benzyldimethyltetradecylammonium chloride), and sodium chloride. Cholesterol was recrystallized three times with 95% ethanol. Radioactive cholesterol monohydrate crystals were prepared by mixing 5 g of the recrystallized cholesterol with 100 #Ci of a benzene solution of [~4C]cholesterol in 400 ml of 95% ethanol at 60°C. The solution was filtered while hot and the filtrate was allowed to stand for 48 hr at room temperature. Only crystals obtained from slow crystallization after 12 hr were used. The crystals were filtered and dried in vacuo for 24 hr. They were stored in the dark in a dessicator saturated with water vapor at room temperature, checked for purity by TLC (19) and discarded if any degradation products were noticed. This procedure, as developed in our laboratory, has been shown to yield cholesterol monohydrate crystals with a lattice system similar to that of cholesterol found in human biliary calculi (5, 6, 20) .
Renex-690, a polyoxyethylene [10] nonyl-henol ether, was used as received. The average ethylene oxide chain length was 10 with a chain length distribution mainly in the range 8 to 12. The material was believed to contain negligible amounts of unreacted nonylphenol and only minor amounts (-~ 1-2%) of free polyethylene glycols. 6 An analysis 7 showed no detectable sodium, halogens, or a residue after ashing. Benzalkonium chloride, sodium dodecyl sulfate, and sodium chloride were of analytical grade and were used as received. Pellets of 14C-labeled cholesterol monohydrate crystals were prepared by compressing 50-100 mg of the material in the Delrin die, 0.5 in. i.d., under 455 kg pressure using a laboratory press. 8 The exposed surface area of the pellet was 1.267 cm 2. Exactly 2 ml of the dissolution medium, containing Renex-690 in the absence or presence of varying concentrations of ionic surfactants in deionized water 9 and preequilibrated at 37°C, was added. Stirring was achieved with a 150-rpm synchronous motor ~° with the Delrin stirrer placed 0.2 cm above the tablet surface. Microliter samples were withdrawn at suitable time intervals and assayed using a liquid scintillation counter. 1
Diffusion Coefficient and Binding Determinations
Diffusion coefficients of micelles containing [J4C]cholesterol were determined at 37°C in a small volume, two-compartment, Lucite diffusion cell by the method similar to that described by Krevoy and Wewerka (21) and Keller et al. (22) . A silver filter membrane brane was boiled before each experiment in deionized water for 30 min in order to remove entrapped air. When formation of black silver oxide occurred, a new silver membrane was used since the transport rate was affected. The cell constant was determined by the use of [14C]sucrose4 in water whose diffusion coefficient (7.05 × 10 -6 cmZ/sec at 37°C at infinite dilution) is well known (23) (24) (25) .
To estimate the degree of binding of ionic surfactant to Renex-690 micellar solutions, a dynamic membrane dialysis technique (26) was utilized. The surfactant system was conrained in a dialysis membrane bag) 3 The free benzalkonium chloride appearing outside the bag in a 37°C thermostated beaker was sampled with time and assayed spectrophotometrically at 208 nm. The permeation constant of the membrane system was determined with sodium benzoate by spectrophotometric assay at 225 nm. There were no adverse effects on the membrane property by the surfactants throughout the course of the experiments.
Data Treatment
From the plot of the concentration of cholesterol dissolved in the bulk micellar solution versus time, the data was analyzed using the following rate equation to account for both the interfacial resistance and the aqueous diffusional resistance in the dissolution process:
where J is the dissolution rate; V is the volume of dissolution media; A is the surface area of dissolving solid; Cs is the concentration of cholesterol in solution at saturation; Cb is the concentration in the bulk medium (under sink conditions, Cb = 0); R is the total resistance to dissolution.
~3 Spectrapor, MW cutoff 6000-8000, Spectrum Medical Industries, Inc., Los Angeles, Calif. The total resistance is the sum of two resistances (27) :
where h is the effective aqueous diffusion layer thickness, D is the aqueous diffusion coefficient of the miceUe, and P is the effective permeability coefficient of the interfacial bar- Equation [4] was utilized to determine R and Cs simultaneously by interactive nonlinear least-square curve fitting on a digital computer. 14 3 . RESULTS
Dissolution Studies in Renex-690
Figures 2 and 3 indicate that sodium chloride has no effect on both R and Cs on the dissolution kinetics in 1% Renex-690. Moreover, the R-values are relatively independent of Renex-690 concentration, even with an eight-fold change in concentration. The solubility of cholesterol monohydrate is proportional to the amount of solubilizer present. It is seen in Fig. 2 that the total mass transfer resistance is about 12 to 18 times greater 
Dissolution Studies on Renex-690 Solutions Containing Benzalkonium Chloride (BC)
Figures 4-8 present data at varying concentrations of Renex-690 and BC, showing the influences of the added BC and sodium chloride at 1% Renex-690 and a constant Renex/BC weight ratio of 4.0 upon R, the transport resistance, and C~, the solubility. The influences of both BC and sodium chloride upon C~ are seen to be modest (Fig. 5) , being at most a factor of two over the concentration range studied. In contrast, the influences of both of these additives upon R were very large (Fig. 4) . At low or zero sodium chloride, R increases by about a factor of 10 over the concentration range of BC investigated. At the other extreme, i.e., when the sodium chloride concentration was 0.1 M, R decreases steadily with increasing BC concentration until at 6.8 mM (corresponding to 0.25% w/v) BC, the R value is about l0 times smaller than that for no BC present. Figures 6 and 8 show the simultaneous influences of the total solubilizing agent (Renex-690 and BC) and sodium chloride at the constant Renex-690-to-BC ratio of 4.0. It is seen that Cs is only weakly influenced by the electrolyte for all levels of the solubilizing agent. Also, at all sodium chloride concentrations, the Cs values are seen to be approximately proportional to the amount of the solubilizing agent present, suggesting that the size, shape, and/or structure of the micelles do not greatly change over the concentration range. The R values show a strong dependence upon electrolyte covering about a 50-to 100-fold range (Fig. 6) . R is most sensitive to sodium chloride concentrations ranging Figure 7 is the replot of the data in Fig. 6 in terms of total chloride concentration contributed by BC and NaC1. It is seen that the data generally are superimposable up to 0.3 M total chloride. Thus, the total counterions rather than simply the added electrolyte determine the kinetics. Dialysis experiments indicate that more than 98% of BC is bound with the Renex-690 micelles resulting in the formation of positively charged micelles of mixed composition.
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It is clear that R reaches a minimum value (10 × 10 3 sec/cm) which is independent of counterion concentration and indicative of a diffusion-controlled situation. In Table I the diffusion coefficients of various micellar systems are nearly identical, ranging between 4.7 X 10 -7 and 6 X 10 -7 cm2/sec. Using R = h/D, it is found that the effective aqueous boundary layer thickness, h, is about 50 pm which is very reasonable for the well-stirred condition employed here. Consequently, the limiting resistance is designated as Rd, the mass transfer resistance for the diffusioncontrolled case, and is useful in delineating the resistance of the interfacial barrier from the total resistance. Figure 9 shows the results of experiments at varying concentrations of Renex-690 and SDS at the constant Renex-690-to-SDS weight ratio of 5.0. As reported earlier for the Renex-690/BC system, the R values are strongly dependent upon the sodium chloride concentration varying up to 100-fold in range. R follows a single "function" when total Na counterion concentration is plotted for the abscissa. The Cs values in Fig. l0 are seen to be proportional to the amount of total solubilizer present. These data, together with the similar results for the Renex-690/BC system, suggest that the total counterion concentration rather than simply the added electrolyte must be taken into account. It is noted that the limiting resistance is 10 X 103 sec/cm, the same as that found for the BC system.
Dissolution Studies in Renex-690 Solutions Containing Sodium Dodecyl Sulfate (SDS)
Although binding experiments were not carried out with SDS in the presence of Renex-690, it is reasonable on the basis of the binding studies with BC to assume that SDS is also more than 98% bound with Renex-690 micelles.
DISCUSSION
Collision Complex versus Other Mechanisms
The experimental results strongly support the hypothesis that the rate-determining step in cholesterol monohydrate dissolution in the nonionic surfactant system involves the transport of miceUar cholesterol at the interface rather than a free solute mechanism. In the case of Renex-690 alone, the interfacial resistance R is found to be relatively constant over a wide concentration range with and without sodium chloride (Fig. 2) . This constancy of R supports the micelle collision mechanism since the free solute mechanism would be expected to show a direct proportionality between R and solubilizer concentration. The solubility of cholesterol in these solutions is approximately proportional to the total amount of solubilizer present (Fig. 3) indicating that the basic nature of the Renex micelle does not vary greatly over the concentration range studied.
In the cholesterol monohydrate dissolution rate studies at constant Renex-690/BC and Renex-690/SDS surfactant ratios, when the counterion contribution from the ionic surfactant is taken into account, the R versus total counterion curves were found to be essentially superimposable over a range of the solubilizer concentration (Figs. 7 and 9 ). These experimental results are again consistent with the micelle collision mechanisms Nonelectrical factors. There is strong evidence that electrostatic factors at the interface are not the only ones involved in the interfacially controlled dissolution of cholesterol in aqueous micellar solutions. First, Renex-690 alone (a neutral miceUe) has a substantial interfacial barrier. The total transport resistance, R, is about 15-fold greater than that predicted for aqueous boundary layer-controlled dissolution. The lack of influence of NaC1 shows that the R value for this situation is not due to ionic impurities giving rise to electrostatic repulsion. Second, the results show that ionic surface-active agents are able to significantly reduce the R values. The questions, therefore, arise as to why the neutral Renex-690 micelle is associated with a substantial interfacial barrier and why added charged surfactants plus electrolyte are able to enhance the kinetics of cholesterol dissolution beyond the maximum rates found with Renex-690 alone. These questions may be examined by considering factors associated with the miceUe and other possible factors associated with cholesterol crystal surface.
Nonionic Renex-690, containing polyoxyethylene chains and a 9-carbon head group, form micelles in aqueous solutions which consist of a hydrophobic core surrounded by a voluminous mantle of highly hydrated polyoxyethylene chains (28) (29) (30) (31) . It would then be expected that solubilizates, depending on their structure and polarity, would be preferentially distributed either in the hydrophobic core or in the outer polyoxyethylene mantle (29, 32, 33) . Also, one might expect that hydrophobic molecules such as cholesterol will be predominantly (on a time average basis) distributed in the hydrophobic region and that the transfer kinetics of cholesterol from a crystal surface to the micelle might be limited by movement through the hydrated polyoxyethylene mantle. If this were true, additives which would preferentially partition into the mantle and interact with cholesterol during transit may be able to catalyze the dissolution rate. This viewpoint is consistent with the dissolution rate enhancement found with BC and SDS. One may speculate that a charged surfactant together with its counterion is more likely to be preponderant in the hydration mantle.
The above mechanism might be considered an attractive one for explaining the large amount of data in this research. Other evidence suggests, however, that this may not necessarily be the entire interpretation. Feld et al. (34) have shown that the interfacial kinetics of cholesterol monohydrate in bile acid solutions was dependent not only upon micelle characteristics but also upon the nature of the solid surface. Here, the interfacial events were explained by a concerted twostep reaction involving the disengagement kinetics of cholesterol monohydrate molecules and the collision of the micelle with the surface. Thus, it is conceivable the amphipathic surfactants used in this present study could alter the surface properties of the cholesterol monohydrate crystals in some way.
